ABSTRACT / Do altered land management practices offer possibilities to sequester carbon in the soil and thereby mitigate increasing atmospheric CO 2 as well as improve local soil fertility? This study investigates the impact of fallow periods on soil organic carbon in semiarid subsistence agroecosystems on sandy and poor soils in Kordofan, Sudan. The area is characterized by low-input cultivation of millet and sorghum in combination with livestock grazing. Recently, cultivation intensity has increased and the fallow periods have been shortened. Soil carbon contents were assessed for sites that have been under various cultivation intensities, ranging from 30 years of fallow to 30 years of continuous cultivation. Soil organic carbon showed a significant negative relationship with cultivation intensity. Measurements indicate a mean increase of approximately 4 g soil organic carbon (SOC) per square meter per year during fallow periods. The possibilities of increasing soil organic carbon by land management were also estimated through simulations using the Century model. Modeling suggested that reverting an intensely cropped millet site to permanent grassland would sequester approximately 1-2 g SOC/m 2 /yr, with higher rates during the early part of the period. Continuous intense cultivation could decrease the currently low soil carbon levels even further. These results indicate that altered land management could contribute to transforming degraded semiarid agroecosystems from a source to a weak sink for atmospheric CO 2 . Possible data improvements and uncertainties are discussed.
ened. Soil carbon contents were assessed for sites that have been under various cultivation intensities, ranging from 30 years of fallow to 30 years of continuous cultivation. Soil organic carbon showed a significant negative relationship with cultivation intensity. Measurements indicate a mean increase of approximately 4 g soil organic carbon (SOC) per square meter per year during fallow periods. The possibilities of increasing soil organic carbon by land management were also estimated through simulations using the Century model. Modeling suggested that reverting an intensely cropped millet site to permanent grassland would sequester approximately 1-2 g SOC/m 2 /yr, with higher rates during the early part of the period. Continuous intense cultivation could decrease the currently low soil carbon levels even further. These results indicate that altered land management could contribute to transforming degraded semiarid agroecosystems from a source to a weak sink for atmospheric CO 2 . Possible data improvements and uncertainties are discussed.
Consensus has now been reached by both the scientific and political communities that atmospheric CO 2 concentrations are increasing and thus threatening to play havoc with the global climate system, as stated by the Intergovernmental Panel on Climate Change (IPCC 2001) and in the UN Framework Convention on Climate Change (Macilwain 2000) .
The Kyoto Protocol (1997) negotiated a framework for reducing the emissions of greenhouse gases in December 1997 . The protocol also recognized that some terrestrial ecosystems have the potential to sequester large amounts of carbon (C) and thus further slow down the increase of atmospheric CO 2 concentrations. An increase of the soil organic matter (SOM) and the biomass pools could buy time while reducing fossil fuel related emissions of CO 2 . SOM is assumed to contain 50% C (SOC, soil organic carbon).
Land use changes that degrade terrestrial resources will continue to be a dominant driver of environmental change in semiarid areas for future decades (Scholes and van Breemen 1997) . These degraded semiarid areas have a large potential to sequester carbon in the soil, which is preferred to storage in above-ground vegetation due to longer residence times (Lal and others 1999) . Batjes (1999) estimated that between 0.6 and 2 Pg C/yr could be sequestered by the large-scale application of appropriate land management in the world's degraded lands. This accounts for 18 -60% of the annual increase of CO 2 in the atmosphere. Squires (1998) estimated the attainable sink in dry lands to be 1.0 Pg C/yr over the next 50 years. Desertification control could globally sequester 0.9 -1.9 Pg C/yr for 25-50 years (Lal 2001) . In addition to the removal of atmospheric CO 2 , increasing SOM in semiarid environments is socioeconomically appropriate (Tschakert 2001) and beneficial for food production and erosion control, often in poor and degraded areas.
This paper assesses the effects of continuous cultivation and fallow periods in low input subsistence agriculture on SOC in the semiarid Sudan. We would like to understand if extended fallow periods are a feasible management option for increasing soil carbon sequestration in degraded semiarid ecosystems while simultaneously improving soil quality.
This investigation is based on soil samples from the 1960s as well as recent soil samples. Measured and modeled examples relating the length of the fallow periods to SOC are included. The specific aim is to investigate the effects of cultivation intensity on SOC and in the semiarid Sudan through: (1) quantifying and comparing measured SOC for areas with varying cultivation intensities; and (2) estimating current and future SOC by using a biogeochemical model in order to quantify the attainable SOC change due to different cultivation intensity. Our hypothesis is: h 0: SOC in areas with low cultivation intensity ϭ SOC in areas with high cultivation intensity, and h 1: SOC in areas with low cultivation intensity ϭ / SOC in areas with high cultivation intensity.
Background
Traditional, nonmechanized, rain-fed agriculture, without the use of any type fertilizers or addition of organic matter, is common in central and western Sudan (Craig 1991) . The use of fallow periods is the only measure taken to improve soil fertility in the area. In Northern Kordofan Province, land is conventionally cultivated for 4 -6 years and then left fallow for 15-20 years. During the last few decades, the length of the fallow periods has been reduced (Jewitt and Manton 1954 , Davies 1985 , Craig 1991 , Khogali 1991 , Olsson and Rapp 1991 . This reduction may be caused by an increased demand for food; reduced crop yield (Olsson 1993) due to decreasing precipitation, soil degradation, crop diseases, and parasites (Khogali 1991) ; and an increased desire to grow cash crops (e.g., ground nuts).
Fallow Periods
Conversion of native land to cultivated land generally decreases SOM (Cole and others 1989 , Scholes and van Breemen 1997 , DOE 1999 , Schlesinger and Andrews 2000 . During intense cultivation without fertilization or the addition of organic matter, this decrease may occur rapidly (Buyanovsky and Wagner 1998) .
When continuous millet cultivation, as in Kordofan, is combined with annual burning prior to planting and the removal of most crop residues after harvest, we might expect a decrease of SOM and N. Continuous millet cultivation on sandy soils in Burkina Faso has been reported to slowly deplete soil N and P (Krogh 1997) . In Niger, significant increases of C and N with fallow age on sandy soils (Ͻ 4.5% clay) were found (Wezel and Boecker 1998) . During the fallow periods, SOM increased and the natural regeneration of Acacia senegal and other Acacia species was common.
Acacia senegal, a nitrogen-fixing species, is important in reclaiming degraded lands in the tropics through improvement of soil properties (Alstad 1991, Njiti and Galiana 1996) . Jewitt and Manton (1954) compared an exhausted site, which had been continuously cultivated for 30 years, with an area taken out of cultivation and allowed to regenerate as a gum forest (Acacia senegal). Organic N, exchangeable calcium, and pH were much higher in the gum forest. The N content of the upper 15 cm was 190 ppm in the gum forest and 90 ppm in the exhausted site. After clearing of the gum forest, the two sites were cultivated with sesame (Seasamum orientale) and groundnuts (Arachis hypogae). The sesame yield was five times higher and the groundnut yield one and a half times higher from the cleared forest compared with the harvest from the exhausted site. The exhausted site also showed a strong response to chemical fertilizers. The study was undertaken on the sandy soils (arenosol) in Umm Ruwaba, approximately 125 km SE of Bara, Sudan, which is close to our study site and with similar conditions. No SOC data were presented in the study, but it is probable that the gum forest site had a higher SOC content then the exhausted site.
Annual average crop yields (production) are generally lower for cropping systems with longer fallows compared to more intense cultivation in environments like the one studied here. Productivity (yield per year and per area unit) is often higher for cropping systems with longer fallows compared to more intense cultivation (short or no fallows). Provided that farmers have enough land to maintain long fallows, they may also maintain high productivity.
Additional environmental benefits of fallow periods with trees include lower soil temperatures, higher soil moisture, higher SOC (Abril and Bucher 2001) , greater fuel production, and the possibilities of tapping gum (Haaland 1991 , Khogali 1991 and shade for grazing animals. Litter produced by woody plants is beneficial due to its higher content of polyphenols (lignins and tannins) in the litter, which decreases the decomposition rate (Abril and Bucher 2001) , when compared to grasses and annual herbs.
Soil Quality Improvement by SOM
SOM has favorable effects on the chemical, physical, and thermal properties of the soil, as well as on its biological activity. Soil quality is improved by an increased SOM content through better water-holding capacity, improved microaggregate structure, preventing erosion, and providing a stabilizing effect on the soil structure (Jewitt and Manton 1954 , Gerakis and Tsangarakis 1970 , Batjes and Sombroek 1997 , Batjes 1999 , Lal and others 1999 . It is also an important determinant of the cation exchange capacity of soils (Batjes 1999) . There is also commonly a clear correlation be-
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tween SOC in the topsoil and crop yields (Sombroek and others 1993) . Large pools of SOM with low decomposition rates also permit a slow mineralization of N and other nutrients. The favorable effects of SOM vary with soil type, crops and farming system (Lal and others 1998) .
Reasons for Soil Carbon Sequestration
There are several reasons for the encouragement of soil carbon sequestration in degraded semiarid areas, especially if the hidden carbon costs connected to fertilizer production, irrigation, etc. (Schlesinger 2000) , could be minimized or avoided. The improvements of soil quality and soil properties caused by an increase of SOM (Batjes and Sombroek 1997 , Lal 2001 ) (see above) counteract soil degradation (Martius and others 2001) and could contribute to food production via increased soil fertility (Sanchez 2002) . Increased SOM also constitutes a carbon sink that could be traded (McDowell 2002 , Natsource 2002 , Olsson and Ardö 2002 .
For the semiarid Sudan, the use of extended fallow periods with Acacia senegal may be a management alternative, in combination with others, for carbon sequestration that has small hidden costs and that benefits environmental quality and soil properties. An income from carbon trading could compensate for a decrease in agricultural production and income caused by reduced cultivated areas and reduced grazing (Olsson and Ardö 2002) .
Data and Methodology
The description of the study area is followed by a description of the measurements and modeling performed. Soil samples were collected at two sites for quantification of SOC changes over time and at 14 sites for comparing SOC and cultivation intensity.
Modeling was performed for two sites to describe SOC changes over time and modeling for validation was performed for 13 sites.
Study Area
This study was undertaken in the rural councils of Bara and El Obeid in the province of Northern Kordofan, Sudan (Figure 1 ).
Climate and vegetation. The climate is semiarid with annual rainfall ranging from less than 200 mm in the north to about 350 mm in the south. Almost all precipitation falls during the summer (May to October). Mean annual temperature in Bara is 27.5°C and the potential evaporation in El Obeid has been estimated to 2030 mm/yr (Elagib and Mansell 2000) . North of 14°N latitude, the area is a semidesert with sparse woody vegetation. South of 14°N latitude, the area is a mosaic of forest savanna and grassland. Common trees 
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are Acacia spp., Balanites aegyptica, and broad-leafed species of the family Combretaceae. Acacia senegal is a characteristic tree where rainfall is 280 -450 mm/yr (Olsson and Rapp 1991) . Common grasses are Aristida pallida, Eragrostis tremula, and Chenchrus bifolius.
Soil. The dominant soil types of the study area are Xerosols, Arenosols, and Vertisols (FAO-UNESCO 1977) . The Haplic Xerosols in the northern part of the area are generally fine textured with clayey topsoil comparatively rich in organic matter in spite of the low rainfall. The Cambic Arenosols that cover the largest part of the area are coarse textured soils of aeolian origin, locally named Qoz soils (Warren 1970 ). The texture is characterized by 60%-70% coarse sand, 20%-30% fine sand and 5%-10% clay (Mitchell 1991) . A small part of the area in the south is covered by Chromic Vertisols, locally named Gardud, which are clay soils mixed with aeolian sand.
Cultivation, land use, and fallow. Land use intensity gradually increases with rainfall. In the north only extensive and partly migratory grazing by camels and goats is possible due to the lack of permanent water (Olsson 1985 , Haaland 1991 . The area around Bara is used for grazing and livestock breeding and a portion is cultivated. Cultivation is dominated mainly by millet (Pennisetum typhoideum) and to a lesser extent sesam (Sesamum indicum), watermelon (Citrullus vulgaris), karkadé (Hibiscus sabdariffa), and groundnuts (Arachis hypogaea), when rainfall and water resources increase to the south. Sorghum (Sorghum vulgare) replaces millet on the finely grained Vertisols in the south.
It is evident from interviews (Olsson and Ardö 2002 ) and the literature (Jewitt and Manton 1954 , Davies 1985 , Haaland 1991 , Khogali 1991 , Olsson and Rapp 1991 that land use practices have changed noticeably over the last three to four decades from a rotation system with long fallow periods (15-20 years) interspersed with short periods of cultivation (4 -5 years) to more or less continuous cultivation. During the same period, annual crop yields per unit area have decreased, mainly due to a marked decline of rainfall but to some extent also due to the shortening of fallow periods (Olsson 1993) . Increased demand for food due to the population increase combined with decreasing yields have forced farmers to extend their cultivated area, primarily by reducing fallow periods.
Experimental Sites
In 1963, within a UN/FAO-supported project, two experimental sites, Kaba and Umm Higlig, were established outside El Obeid (DOXIADIS 1964) (Figure 1 ). The main purpose of the experiments was to study the effects of fertilizers, crop varieties, and soil management on crop production. The SOC changes from 1963 to 2000 for these two sites were calculated from soil samples collected in 1963 (DOXIADIS 1964) and in 2000. The land use history of the two sites is not complete, but it is clear that the samples from 1963 represent undisturbed sites. This could provide information on the amount of SOC at undisturbed sites and the change over time could indicate the recoverable amount of SOC.
Umm Higlig. Umm Higlig (13.2862°N, 30.0994°E) is located on an uniform Cambic Arenosol, approximately 18 km northwest of El Obeid (Figure 1 , Table  1 ). The area is flat and, in 1963, the dominant tree specie was Acacia senegal. Grass (mainly Aristida sp., Cenchrus sp.) and herbs covered approximately 60%. The soil is in deep sand with 94% sand, 2% silt, and 4% clay (Skerman 1966) . This site was chosen as typical for the Qoz sand sheet soils. Prior to the establishment of the experiment, the site was fallow for 17 years. In May-June 1963, the site was cleared by hand and stumps and debris were removed (DOXIADIS 1964). The field trials followed after the clearing. There is no information on land use and land cover during the period 1966 -1995.
The site was under fallow from 1996 to 2000 (Sayed Malik Abdel Raman, Range and Pasture Administration, personal communication) and in March 2000 was covered by scattered Acacia senegal and Usher (Calotropis procera).
Kaba. Kaba is located on a Chromic Vertisol (a clay soil mixed with aeolian sand) 7 km south of El Obeid (Figure 1 , Table 1 ). This experiment was also established in 1963. Prior to establishment, the site was under fallow for 15 years. According to the initial site description, the site was "reasonably representative of the peneplain soils common to the area south and south west of El Obeid" and classified as a "Acacia millifera pseudo savanna" (DOX-IADIS 1964) . In 1963 the vegetation was dominated by Acacia spp., especially Acacia nubica and Acacia millifera in the tree layer. Grass and herbs covered approximately 50% of the soil (DOXIADIS 1964) . The soil samples taken in 2000 were from a part of the experimental site that was not cultivated but kept under fallow during most of the experimental period.
Soil Sampling and Analysis
Soil sampling. In February-March 2000, soil samples were taken at 14 sites (Table 2) , all located on the Qoz (i.e., the Arenosol described above) and at the two experimental sites described above. Samples were taken at 0 to 5 cm and at 15 to 20 cm depth with four subsamples at each site. All sites were located in the vicinities of Bara and El Obeid (Figure 1 ). Sample positions were determined with a global positioning system (GPS) receiver to an accuracy of Ϯ 10 m.
Soil analysis. Grain-size distribution was measured by sieving and sedimentation analysis. Due to the homogeneity of the soil in the region, soil texture was analyzed at three sites only (2, 6, 13) on the Arenosol and one site (Kaba) located on the Vertisol. Bulk density was determined in the field through immediate weighing of the samples collected with a core sampler. The samples were weighed without drying, as the area is very dry, and sampling took place in the spring, 4 -5 months after the end of the rainy season (see also Poussart and others 2003b) . SOC was analyzed with an elemental analyzer (Carlo Erba NA1500). For each site, mean SOC (g C m Ϫ2 , 0-20 cm) was calculated from the four subsamples at each level (0 -5 cm and 15-20 cm). The average of these two mean values was used to describe the soil C content at 0 to 20 cm depth.
Relationship of SOC to Cultivation Intensity.
Each of the 14 sites was assigned a value describing the recent cultivation intensity (CI), consisting of a positive value describing the number of years with continuous cultivation or a negative value describing the length of the fallow periods in years. (i.e., a site that been under fallow for 25 years was assigned the value Ϫ25). This information was collected through detailed interviews with farmers. In order to investigate relationships, these values were regressed against the SOC for the sites. Variation in soil, soil texture, management, and crops are minimal for these 14 sites. Additionally, soil samples for the two experimental sites, collected in 1963 and 2000 were compared in order to reveal changes over time for these sites.
Modeling SOC
SOC was estimated using the Century model (Version 4.0) (Parton and others 1987 , 1988 , Metherell and others 1993 . Century is an ecosystem model simulating biogeochemical fluxes of C, N, P, and S. The primary purpose of the model is as a tool for evaluating changes in climate and management of ecosystems. The model uses a monthly time step and estimates, among others, organic soil C and N for the upper 20 cm (g/m 2 ) of the soil profile. The model has been widely used and validated (Burke and others 1989 , Parton and others 1993 , 1994 , Bromberg and others 1996 , Smith and others 1997 , Ardö and Olsson 2003 .
SOC was estimated for 10 cropland sites (sites 3, 4, 6, 7, 9, 10, 13, 14, and 16 in Table 2 and the Kaba experimental site) and three undisturbed sites, located far away from villages and utilized for grazing only. For these sites, more detailed information was available. This information includes soil texture, bulk density, current crops, vegetation, and management information (land use history, soil cultivation, burning practices, crop residues, fallow periods, planting, weeding, harvest method, and harvest time) and was collected through field work and interviews in March 2000 (Olsson and Ardö 2002, Ardö and Olsson 2003) . Additional information was collected from the literature S322 (Jewitt and Manton 1954 , DOXIADIS 1964 , Davies 1985 , Olsson 1985 , Ahlcrona 1988 , Craig 1991 , Haaland 1991 , Khogali 1991 , Olsson and Rapp 1991 . When estimating SOC for the selected sites, we tried to mimic the actual environment, management, and land use history as closely as possible using best available data. The initial SOC content required by the model was obtained by long-term model runs (Paustian and others 1996) . Model validation was performed through comparing estimated and measured SOC for the 13 sites through linear regression.
Below are the current and future scenarios for the Kaba experimental station and for site 6. These scenarios are based on best available data and reasonable estimates if data are missing. Site 6 is assumed to be representative of the sandy areas and the Kaba experimental site is assumed to be representative for the Chromic Vertisols south of El Obeid.
Kaba. The modeling executed for Kaba is based on the information below. Before the establishment of the experiment, the area was under fallow from 1948 to 1963 (DOXIADIS 1964 Only hand soil cultivation (hoeing) took place with no fertilization or irrigation. The crop was harvested in October with approximately 85% of the straw removed. The remaining crop residues were grazed after the harvest during November and December.
Site 6. The modeling executed for site 6 is based on the information below. This site is a savanna woodland/ grassland with Acacia senegal and predominantly C 4 grasses on a Cambic Arenosol in the central part of the area, 40 km north of Bara (Figure 1) . The soil is of aeolian origin and coarse, consisting of 95% sand, 2% silt and 3% clay with a bulk density of 1706 g/dm 3 . Millet was cultivated on the site with an increasing crop-fallow ratio during the last century.
Before 1890, the area was grazed annually with low intensity from July to October and a natural fire occurred every nineth year in February. During all cultivation periods, the land was burned in May before the planting in June. During the fallow periods there was a natural fire every nineth year as well. Crop-fallow ratios used in the model were 5:20 (1891-1915), 5:15 (1916 -1935), and 5:10 (1936 -1980) . Acacia senegal invaded the fields during the fallow periods by natural regeneration. These trees were removed after each fallow period as cultivation began (Haaland 1991 , Khogali 1991 . From 1981 to 2000, the site was under a 3:3 rotation, i.e., three years of millet cultivation and then three years of fallow (information from interviews). There was no or very little tree regeneration during this period.
In general, the harvest occurs in October with 85% of the straw removed in addition to the grains. The remaining crop residues are grazed after the harvest during November and December. During fallow periods the area was grazed all year with low intensity.
Future Scenarios. To investigate the possibilities of increasing SOC over the period 2001-2100, the scenario described above for site 6 was extended using three hypothetical alternatives:
1 Conversion of the cultivated land to pasture with low intensity annual grazing from July to October. 2 Return to a rotation with millet cultivation for 5 years followed by 20 years of fallow. Acacia sengal invades during the fallow periods, and the site is grazed from June to December with low intensity. 3 Continuous millet cultivation.
Climate data. Climate data were available for three meterological stations: (1) Bara (30.3°E, 13.7°N) with monthly precipitation data for 1908 -1988, (2) El Obeid Aero (30.2°E, 13.1°N) with monthly precipitation data for 1902-1994, and 3) El Obeid Town (30.3°E, 13.1°N) with temperature data (monthly minimum and maximum) for the period . During model execution, precipitation data from Bara was used for site 6 and precipitation data from El Obeid Aero was used for the experimental site in Kaba. For the other sites, the closest stations were used. For all model simulations, temperature data from the El Obeid Town station were used. Missing data (Ͻ 10 observations per station) within the observation periods were replaced with mean values of all observations available for the month with missing data. For model simulations outside the time span of actual observations long term mean values of all observations for each month were used.
Results

SOC Measurements
Long-term comparisons. In May 1963, the mean SOC content was 851 g/m 2 in Umm Higlig and 1008 g/m 2 in Kaba. In March 2000, the mean SOC content was 227
Carbon Sequestration in Traditional Farming S323 g/m 2 in Umm Higlig and 425 g/m 2 in Kaba. This is a decrease of 624 g C/m 2 (16.8 g C/m 2 /yr) for Umm Higlig and 556 g C/m 2 or (15 g C/m 2 /yr) for Kaba (Table 1) .
Cultivation intensity versus SOC. There is a significant (r 2 ϭ 0.40, P Ͻ 0.02) negative relationship between cultivation intensity and SOC content in the upper 20 cm indicating increasing SOC during periods of fallow and a decreasing SOC during cultivation (Figure 2) . The maximum SOC content (560.9 g/m 2 ) was collected at site 15, which had been under fallow for 30 years. The minimum SOC of 151.7 g/m 2 was found at site 8, which had been under fallow for 2 years. Site 4, which had been continuously cultivated for 30 year had a SOC content of 166.8 g/m 2 . The overall mean SOC content was 267 g C/m 2 . The regression (Figure 2 ) indicates a mean change of Ϸ4.3 g C/m 2 /yr as a function of fallow (C increase) or continuous cultivation (C decrease) (a sequestration rate of 4.3 g C/m 2 /yr ϭ 0.043 t C/ha/yr ϭ 4.3 t C/km 2 /yr).
SOC Modeling
Kaba. From 1948 to the early 1970s, SOC content was almost stable at a level slightly above 1000 g/m 2 ( Figure 3 ). There was a decrease of 550 g C/m 2 (Ϸ20 g C/m 2 /yr) from 1972 to 2000 when the site was cultivated continuously, except for the period 1977-1980 (fallow) that corresponds with a slightly flatter part of the curve. Maximum SOC occurred in 1973, i.e., one year after the tree removal and burning that occurred in 1972 and prior to cultivation. The modeled SOC content corresponds reasonably with the measured SOC with a difference of 52 g/m 2 (Ϸ5%) in 1963 and 93 g/m 2 (Ϸ18%) in 2000.
Site 6. From an equilibrium level of 390 g C/m 2 in 1890, the SOC content decreased gradually, as the cultivation became more intense from 1891 to 2000. In 2000 the SOC was 190 g C/m 2 (Figure 4 ). This equals a mean annual decrease of 1.8 g C/m 2 . The rate of decrease that was faster during the first cultivation periods, thereafter stabilized (1950 -2000) . In the year 2000, the estimated SOC was 28 g/m 2 higher (17%) than the measured SOC.
Future scenarios. The estimated attainable SOC changes as a function of three hypothetical management scenarios during the next 100-year period are shown in 2 . The SOC dynamics as a function of the fallow/cultivation cycle is illustrated by the oscillations of the base scenario (Figure 4) . There is a slow SOC increase during the fallow period and a faster SOC decrease during cultivation. The peaks correspond to the end of the fallow periods as the trees are cleared. This alternative does not yield any real soil C change over the next 100 years.
Continuous cultivation during the next 100 years will decrease the SOC by 98 g/m 2 (from 190 to 92 g C/m 2 ). During the first 20 years, SOC decreases with an average of 1.65 g C/m 2 /yr. Over the full 100-year period, the average decrease rate is 0.98 g C/m 2 /yr. Based on both the measurements and the modeling, the null hypothesis that states that SOC is not influenced by cultivation intensity, is rejected.
Model Validation
Comparing estimated and observed SOC yields, an r 2 of 0.70 and, 11 of 13 estimations are within Ϯ 25% ( Figure 5 ). The standard error of estimate is 62 g C/m 2 and the mean absolute error is 49 g C/m 2 . The hypothesis that the regression coefficient is equal to zero is rejected at 99% level of significance.
Discussion and Conclusion
SOC Measurements
There might be several reasons for the SOC decline at the experimental sites. For the Umm Higlig site, the 
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available information (DOXIADIS 1964) is not sufficient to identify any causes, although a comparison of old photos with our recent field visits indicates a decrease in vegetation cover, both for trees and grasses.
For the Kaba site, the long continuous cultivation of sorghum (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) has contributed to the rapid SOC decrease. The vegetation cover here was also less in 2000 than in 1963.
Both sites seem to have deteriorated in terms of vegetation cover, i.e., there is a decrease of organic C input to the soil. This may be caused by intense cultivation and grazing as well as a decrease in precipitation (Hulme and others 2001, Nicholson 2001) . If this SOC decline is representative for the area in general, it indicates soil degradation. This form of degradation could also be viewed as potential carbon sink, partly available through management.
SOC Estimation
Kaba. The estimated SOC for the experimental site at Kaba (Figure 3 ) supports the assumption that SOC recovers during fallow periods and declines during periods of cultivation (as in the 1980 -2000 period). During the fallow period from 1977 to 1980, the SOC declined but at a lower rate compared to periods of cultivation. The acceptable fit with the measurements indicates that the model replicates the soil C dynamics of the Kaba site reasonably well. 
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Site 6. The overall pattern of SOC change over time for site 6 (Figure 4 ) is similar to the pattern for Kaba (Figure 3) , but the equilibrium level prior to cultivation is lower than at Kaba. This difference is probably due to the sandier soil and lower precipitation at site 6. The dynamics caused by the increased cultivation intensity (increased crop:fallow ratio) is clear. SOC decreased steadily during the periods of continuous cultivation throughout the 20th century with small recovery periods during each fallow period.
The future SOC scenarios for a typical site in semiarid Kordofan show that changes of land use to pasture from cultivation increase the SOC. Continuous cultivation decreases SOC and soil fertility even further, with lower crop yields as a result. Returning to a crop-fallow ratio of 5:20 keeps the system in status quo, but still approximately 200 g C/m 2 below the equilibrium level. These results indicate that it is not only cultivation intensity that needs to be changed in order to increase SOC and soil fertility. Alternatives to the present practice of burning to remove pests prior to planting and the removal of crop residues during harvest could also influence SOC sequestration (Bird and others 2000 , Tilman and others 2000 , Poussart and others 2003a .
Model Validation
Despite the facts that reasonable correspondence between observed and estimated SOC ( Figure 5 ) exist and that several evaluations of the Century model report good model performance (Burke and others 1989 , Parton and others 1993 , 1994 , Bromberg and others 1996 , Smith and others 1997 , Mikhailova and others 2000 , the estimation of historical, current, and future SOC over large areas is difficult.
First, available input data (soil texture, time series of precipitation and temperature, land management, grazing intensity, etc.) do not fully meet the model's demands. Uncertainties and errors in input data can strongly affect SOC estimates others 1997, 2003a) . Large spatial and temporal variations in precipitation (Olsson 1985 , Graef and Haigis 2001 , Seaquist 2001 and spatial variations in soil properties make successful model execution over large areas challenging (Ardö and Olsson 2003) .
Second, as CENTURY involves numerous parameters, model parameterization could be modified to better fit the local conditions. For example, reliable data on the magnitude of nitrogen fixation of Acacia senegal are hard to obtain.
Third, data on land use history are very important to the modeling because of the long residence time of some SOM pools. Reliable information about historical land-use, management, grazing, and fire patterns, etc., is hard to obtain and hence the land use history must always be simplified in the modeling. Data scarcity is particularly severe for applications in developing countries, but methods using the natural abundance of 15 N and 13 C can offer additional information (Eshetu 2000) .
Data uncertainty, parameter uncertainty, and model uncertainty cause uncertainties in both quantities and structure (Barkman 1998 ) that create uncertain model outputs. These uncertainties are difficult to quantify, but should be estimated and converted to probabilities (Ardö and others 2000) , based on current studies (Poussart 2002) .
Modeling versus measurements. The carbon sequestration rate derived from measurements of SOC in fields with various cultivation intensities (4.3 g C/m 2 /yr; Figure 2) is about twice the modeled future sequestration rate (Ϸ2 g C/m 2 /yr; Figure 4 , future scenarios) when converting cropland to grazing. This discrepancy could be caused by incorrect data (both model input data and measurement data), an inaccurate model, or incorrect model parameterization. Studies of model sensitivity to variations in input data and parameter values (Paustian and others 1997 , Poussart 2002 , Poussart and others 2003a could provide quantifications of uncertainties connected to predictions of SOC with the Century model. The measured loss of carbon (Table 1) is higher than the measured and modeled sequestration rates (Figure 2, Figure 4) .
Verification. In order to verify that soil carbon sequestration has actually occurred, for example, over a commitment period of five or ten years, reliable and 
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robust methods are needed. For example; in order to detect a change of 20 and 40 g C/m 2 , respectively, 29 and 8 soil composite samples are required given a known sample variance of 13,000 and assuming a normal distribution, (Poussart and others 2003b) . This also assumes that each sample in the field is a composite of four subsamples that are to be thoroughly mixed in the field prior to analysis (Garten and Wullschleger 1999) .
Conclusion
Based on measured SOC from old experimental sites, measured SOC from 14 sites with varying cultivation intensity, and model simulations, the null hypothesis was rejected. It is concluded that agricultural management influences the rate of soil carbon sequestration on sandy soils in the semiarid Sudan. The attainable SOC increase, available through management, is low (1-4 g C/m 2 /yr) per unit area but large areas are available.
Both the measurements and the modeling efforts should be complemented with further work on model sensitivity, model uncertainty and error propagation (Ardö and others 2000) . Long-term agricultural experiments (Rasmussen and others 1998) and CO 2 flux measurements (Verhoef and others 1996) should be established in the Sahel region in order to provide more detailed information on ecosystem processes and management effects.
